Electrical impedance analysis of N2a neuroblastoma cells in gel matrices after ACh-receptor triggering with an impedimetric biosensor  by Valero, T. et al.
 Procedia 
Chemistry  
www.elsevier.com/locate/procedia
 
Proceedings of the Eurosensors XXIII conference 
Electrical impedance analysis of N2a neuroblastoma cells in gel 
matrices after ACh-receptor triggering with an impedimetric 
biosensor 
T. Valeroa, T. Jacobs*b, G. Moschopouloua, M. Naumannc, P. Hauptmannb, S. Kintziosa 
aFaculty of Agricultural Biotechnology, Agricultural University of Athens, 11855 Athens, Greece 
bInstitute of Micro and Sensor Systems, Otto von Guericke University Magdeburg, 39106 Magdeburg, Germany 
cInstitute of Experimental Internal Medicine, Otto von Guericke University Magdeburg, 39120 Magdeburg, Germany 
 
Abstract 
In this contribution triggering of the acetylcholine receptor (AChR) in Neuro2a murine neuroblastoma (N2a) cells was studied by 
means of electrical impedance analysis. N2a cells were immobilized in a bactoagar gel matrix and stimulated with acetylcholine 
(ACh). Gel films were prepared in between the electrodes of a novel impedimetric sensor. Devices were integrated in a micro 
fluidic bioreactor for cell stimulation in flow-through regime. Shifts in the impedance spectra (10 to 110 MHz) of gels showed 
that AChR triggering is accompanied by an increase in the overall conductivity of the gel in a time scale of tens of minutes. 
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1. Introduction 
Acetylcholine is an ester of acetic acid and acts as an excitatory neurotransmitter, e.g. it activates and opens 
nicotinic ACh-receptors (nAChR) in neurons. After receptor triggering neurons generate an action potential through 
the opening of voltage gated calcium channels (VGCC). nAChR is the best characterized neurotransmitter receptor 
and has been widely used as a control for nAChR triggering since it is the natural ligand. Furthermore, it is known 
that the Alzheimer’s disease is mediated by a shortage of this neurotransmitter among other symptoms.  
Mammalian cells can be immobilized in polymer matrices to form a three-dimensional (3D) culture, which is 
much more similar to the physiological tissues1. Regarding electrophysiological recordings, most of the techniques 
currently used for the analysis of cell responses are designed for 2D cultures. Some exploration in the field of the 
third dimension has been done with the use of multi-cellular spheroids on impedimetric sensors2. Thus impedance 
analysis3 appears as a promising technique for the exploration of electrical properties of 3D cell culture models. It is 
supposed that changes in the impedance as a measure of channel opening and depolarization in immobilized N2a 
cells can be detected. Opening of the channels should increase ion conductivity of the system, while the whole 
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cluster should contribute to alterations in the impedance recordings. In this context the influence of diffusion of ACh 
within the 3D structure on the kinetics of cellular response is characterized. 
2. Measurement setup and procedures 
A procedure for the immobilization of N2a cells in bactoagar matrices was developed and the cell as well as gel 
concentration optimized. A modification of the MTT assay was developed for testing cell viability in gels. nACh-
receptor triggering was analyzed in flow-through regime by means of a novel impedimetric biosensor4. 
2.1. Impedimetric biosensor system 
The impedimetric sensor mainly consists of the gel film in between a cylindrical measurement electrode and a 
porous ground electrode. Details about the sensor design, working principle, thin film preparation and impedance 
spectra of N2a cells in bactoagar can be found in4. For impedance analysis electrodes are inserted in a miniaturized 
bioreactor as shown in Fig. 1a. An external flow injection system based on standard HPLC equipment combined 
with a syringe pump was used for the perfusion of media, see Fig. 1b, e.g. cell culture medium with and without 
ACh. The T-valve (V-L-1) allows the selection of the stimulus and avoids the transfer of bubbles and contaminants 
into the system. After exchanging syringes at V-L-1 a small quantity of the liquid is dispensed to the waste bottle 
before connecting it to the bioreactor. The experimental protocol involves the following major steps: (0) inserting a 
sensor that is not used for measurement, (1) filling, cleaning and sterilizing of the system with detergents, (2) 
flushing with full medium, (3) inserting the sensor used for measurement, (4) flushing with full medium, (5) placing 
the chamber in the heating jacket, (6) starting the pump with medium flow and impedance acquisition, (7) waiting 
~2 h until a stable base line is present, (8) dispensing of the stimulus in a time range of several hours. 
 
2.2. Immobilization and viability tests of N2a cells in 3D bactoagar matrices 
N2a cells were cultured with standard Dulbeco Modified Eagle’s Medium (DMEM) supplemented with 10 % foetal 
calf serum (FCS) at 37 ºC and 5 % CO2. Bactoagar was diluted in deionised water, autoclaved and preserved from 
solidification over 40 ºC. Harvested cells were concentrated in 20 μL DMEM and kept at 37 ºC in a block heater. 
Subsequently 100 µL bactoagar was poured on the cells and then the mixture was placed between the working and 
ground electrode as shown in Fig. 2a. Electrodes were inserted into a 24-well plate with 1 mL DMEM, turned 
upside-down and stored in an incubator as illustrated in Fig. 2b. Fig. 2c shows non-differentiated cells in a bactoagar 
matrix nearby a hole in the ground electrode. After the preparation of impedimetric sensors cell viability tests were 
performed based on a modified MTT assay. 
 (a) 
 (b) 
Fig. 1. (a) Picture of the bioreactor mounted on the analog input stage of a miniaturized impedance analyzer3; (b) structure of the flow injection 
system for dispensing media into the bioreactor. 
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 (a)  (b)  (c) 
Fig. 2: (a) Impedimetric sensor after gel film preparation; (b) storage of sensors in a 24-well plate with culture medium before impedance 
measurement; (c) N2a cells in the gel film on the surface of the measurement electrode. 
MTT tetrazolium (yellow) is cleaved by mitochondrial dehydrogenases, yielding purple and water-insoluble MTT 
formazan crystals, which are DMSO soluble. An increase in cell viability means an increase for MTT formazan 
formed, thus an increase in absorbance. Gels containing cells were removed from the sensor and exposed to a 
0.5 mg MTT/mL DMEM solution. After two hours medium was removed and gels were diluted with 1 mL DMSO 
and the absorbance was measured at 560 nm. Fig. 3a shows the results of cell viability test dependent on the 
concentration of bactoagar in the range of 1 % to 2 % (w/v). Fig. 3b depicts the connection between the 
concentration of cells in the gel and viability of cells. 
At gel concentrations much higher than 2 % cell viability a rapid decrease in cell viability could be observed. For 
nACh-receptor triggering a concentration of 2 % was chosen to adapt the measurement impedance to the output 
impedance (50 Ohm) of the impedance analyzer. Compared to pure cell culture medium the gel matrix decreases the 
mobility of charges and therefore increases the ohmic resistance of the sensor. After a kind of plateau viability goes 
down at cell concentrations higher than 8300 cells/µL representing a very densely packed arrangement of cells. For 
all stimulation experiments the cell concentration was fixed at 8300 cells/µL that was expected to involve highest 
measurement sensitivity. 
3. Impedance analysis of ACh-receptor triggering 
After placing the impedimetric sensor in the bioreactor cell culture medium was continuously dispensed for 2 hours. 
In 2 hours the temperature of the bioreactor stabilized at 37 ºC, resulting in a stable baseline of the sensor signal. 
Impedance spectra were measured every 30 s in the range of 10 to 110 MHz. Subsequently, medium with ACh at a 
concentration of 10 mM was flushed into the system for several hours to induce nACh-receptor triggering. Fig. 4 
shows the shift in real and imaginary party of the impedance spectrum directly after start of stimulation at three 
selected frequencies, while cells were in permanent contact to ACh. A localized polynomial regression was used for 
sensor signal analysis. Experimental results revealed that at a gel concentration of 2 % kinetics of the cellular 
response were comparably slow in the range of minutes up to several tens of minutes. In reference to stimulated 2D 
cell cultures kinetics were mainly limited by diffusion processes between liquid and gel phase as well as in the gel. 
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Fig. 3: MTT viability tests of N2a cells 0 and 24 hours after preparation of gel films: (a) viability dependent on the concentration of bactoagar; 
(b) viability dependent on different concentrations of cells immobilized in bactoagar. 
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Thus for the analysis of gel matrix embedded neurons in terms of changes in the impedance spectrum of the gel 
diffusion is a governing factor. As shown in Fig. 4 the imaginary part of the impedance increases directly after 
starting perfusion with ACh, while the real part starts to decrease with a delay of approx. ten minutes to a stable 
plateau. When modelling the gel film as a series/parallel circuit of ohmic resistors and lossy capacitors, the increase 
in the imaginary part can be attributed to the opening of VGCC, depolarization, respectively the change in surface 
potential. This process is regarded to involve an overall increase in the ionic conductivity of the gel film, thus a 
permanent decrease in ohmic resistance as shown in Fig. 4a. In a nutshell, nACh-receptor triggering of N2a cells 
and the continuous exposure to ACh involves mainly a permanent increase in the conductive properties of the gel 
matrix due to ion channel activity. 
4. Summary and conclusion 
Results of the electrical impedance analysis with a novel impedimetric biosensor and viability tests of gel matrix 
embedded N2a cells after nACh receptor triggering were presented. Cell viability tests based on a modified MTT 
assay turned out that for stimulation experiments the maximum reasonable cell concentration is ~8300 cell/µL and a 
bactoagar concentration of ~2 %. Both values represent a compromise between measurement sensitivity, cell 
viability and gaps in between single cells. On-line monitoring of impedance spectra revealed that nACh-receptor 
triggering is mainly mediated by an increase in conductivity of the gel film, while kinetics are mainly influenced by 
diffusion. The comparably small sensor signal shift can be attributed to the undifferentiated state of N2a cells after 
gel film preparation. As a conclusion, electrical impedance analysis of neurons embedded in gel matrices can be 
considered as a promising method for the analysis of neurotransmitter triggering mediated by diffusion processes. 
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Fig. 4. Response of N2a cells after nACh-receptor triggering by means of changes in the electrical impedance spectrum at three selected 
frequencies: (a) real part ΔR; (b) imaginary part ΔX. 
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